The statistical analysis of population subdivision in five populations of tobacco mild green mosaic virus (TMGMV) naturally infecting Nicotiana glauca has shown that the populations can be considered as samples of an almost panmictic one. In spite of the high mutation rate of this RNA virus, the genetic divergence between pairs of haplotypes, both within and between subpopulations, is very small. The observed amount of variability cannot be exclusively explained in terms of the neutral theory of molecular evolution. Under such a model, an unrealistic estimate of the effective population size equal to 86 viral particles is obtained. Positive Darwinian selection can be invoked to account for the variability observed. No direct experimental evidence of selection is presented, but, by means of both (a) high selection coefficients for driver mutations and (b) reasonable neutral and driver mutation rates for RNA viruses, the amount of variability observed can be accounted for in terms of a model of periodic, positive, Darwinian selection.
Introduction
RNA viruses are characterized by a high genetic variability (for a review of the topic, see Domingo and Holland 1988) , which has been mainly attributed to the absence of proofreading activity in RNA replicases. The populational consequences of mutation rates of the order of 10 -3 nucleotide substitutions per site and replication round are still not well understood. Two views account for the variability and evolution of RNA virus. The first view, in the context of population genetics, is the neutral theory of molecular evolution (Kimura 1983, pp. 34-54) . According to this theory, the overwhelming majority of evolutionary changes at the molecular level, such as base substitutions and amino acid replacements, are caused not by Darwinian natural selection but by the random fixation of selectively neutral or nearly neutral mutants under continuous mutation pressure. The second view, the logical alternative to the neutral theory, states that the majority of molecular genetic diversity is due to alleles that are not neutral and thus is maintained by balanced polymorphism or by mutationselection balance (Fitch et al. 199 1; Gillespie 1992, pp. 29 l-305 ) . No specific experimental work has been designed to determine which theory would prevail in explaining the variation found in the RNA world (see, however, Domingo et al. 1985; Dopazo et al. 1988) . In spite of the methods of genome comparison applied to the study of RNA virus, there is little quantitative work, either experimental or theoretical, dealing with the population genetics of viruses. In a previous work we have described the genetic structure of a natural population of the plant RNA virus tobacco mild green mosaic virus (TMGMV) naturally infecting the wild plant Nicotiana glauca Grah. . Contrary to what would be expected, the different viral populations analyzed showed high genetic stability, with a low genetic divergence among haplotypes, both within and between populations.
In the present work we deal with the statistical analysis of population subdivision and consider which of the available theories-the neutral theory or positive Darwinian selection-accounts better for the observed amount of variability.
Material and Methods

Virus Isolates and Sampling
Fifty-two isolates of TMGMV naturally infecting Nicotiana glauca in southeastern Spain were collected in 1985 and 1986, according to a method described by RodriguezCerezo et al. ( 199 1) . From each of five subpopulations (i.e., E, C, P, R, and S), 10 or 11 plants were randomly sampled, one plant each 50 m on previously fixed itineraries.
Genomic Comparisons
Isolates from individual plants were biologically cloned through single-lesion passage in N. tabacum cv Xanthi-nc and were multiplied in N. tabacum cv Samsum. The genomic RNAs were compared by two-dimensional electrophoretic maps of oligonucleotides generated by complete digestion with RNase T 1 (fingerprints; for more details on the technique, see . One important observation corroborated by sequencing is that the oligonucleotides detected in the electrophoresis represent -12% of the 6,400-nucleotide-long genomic RNA of TMGMV.
Number of Nucleotide Substitutions
The mean number of nucleotide substitutions, dii, per site was estimated by following the method of Nei ( 1987, pp. 106-107) . Let mi and mj be the number of oligonucleotides for RNA sequences i and j, and let mi; be the number of oligonucleotides shared by the two sequences. The fraction of shared oligonucleotides, Fu, is estimated by Fti = 2mu/( mi +mj), and approximate variance (Nei and Tajima 1983 
where F is the fraction of shared oligonucleotides. du can be estimated by dO = -(2/ r)lnG, where r is the length of the recognition sequence (in our case, r = 1) and G is estimated after 50 iterations, by G = [ F( 3-2G1)] '14, where G1 is a trial value for G (in our case, we have used Gi = 0.9). According to this, and once the variance of G is estimated, the variance of dij is (Gonzalez-Candelas et al., population subdivision at the nucleotide level, we have used N,, (Lynch and Crease 1990) as follows: N,, = vb/(v,,,+vb) , where is the between-population variation and where v, = CDk/ np is the within-population variation, where n, is the number of subpopulations studied. Variances for Dk, Dk,, vb, vW, and Nst, once the variance of diJ is obtained as mentioned above, were obtained by following the method of Lynch and Crease ( 1990) .
Results
Population Subdivision
The distribution of haplotypes in the different subpopulations is shown in table 1. The sample sizes (or number of plants of a given area from which a single viral strain was isolated) are 10 or 11 for each subpopulation. Of a total of 74 mapped oligonucleotides, 33 were polymorphic among haplotypes (see table 2), and the remaining 4 1 were monomorphic. The matrix of presence/absence of oligonucleotides was used to estimate the fraction of oligonucleotides shared by two haplotypes, as well as the number of nucleotide substitutions per site, d,, between them. The estimates are not shown, but they are available from the first author on request. Table 3 shows the estimates of both within-population variation, Dk, and betweenpopulation variation, Dk,, for pairs of subpopulations. According to this, the average value of between-population variation, vb, is 0.00 11 + 0.0055, and the average withinpopulation variation, v,, is 0.0158 & 0.0048. Consequently, the fraction of the nucleotide variation between populations, Nst, is 0.064 -t 0.296, a value statistically not significantly different, at the 5% confidence level, from the null hypothesis of N,, = 0 (see Lynch and Crease 1990, eq. 38) . Consequently, there is no statistical evidence of population subdivision, and TMGMV subpopulations should be considered as being samples of a single one.
Testing the Neutral Theory
According to the neutral theory of molecular evolution, the observed genetic diversity at the nucleotide level (i.e., nucleotide diversity) at equilibrium in a population is given by O/ ( 1 +e) (Kreitman 199 1, eq. 6)) where 8 = 2N,pn for haploid organisms, and N, and ~.t~ are the effective population size and neutral mutation rate per nucleotide site per generation, respectively. vb + VW, the total per-site nucleotide diversity (Nei and Miller 199 1) detected in our study ( see above), is 0.0 169. If we consider a neutral mutation rate, per nucleotide and replication round, of 10 -4 (C. M. Kearney, personal communication; see below), then the effective population size for the viral population is < 100, an unrealistic value if we consider that the number of virions in the population should be >1012 . In fact, from the data'of purification of TMGMV from field-infected Nicotiana glauca plants, we have estimated a mean content of 0.102 + 0.070 mg virus/ g fresh weight. If we take an average weight for N. glauca leaves as 0.46 g and the TMGMV molecular weight as 4 X lo7 (i.e., 1.5 X 10 3 particles/ mg), the number of particles per leaf is -6.9 X 10 ' '. If the mean number of leaves in 3-year-old N. glauca plants is ~500, then the number of particles per plant is -3.45 X 10 14. Considering (a) the number of plants in the area studied, (b) that not all the plants are infected, and (c) that many viral particles turn out to be defective, a realistic estimate of the viral population number should be 10 12-10 16. What about the effective population size? TMGMV is transmitted only by direct contact among plants, and a single virus particle could be involved in the infection (Matthews 199 1, .
If it is considered that plants are close to each other and that multiple contacts are possible, then the effective number might be slightly larger than one per infected plant, in systemic infections. As the number of infected plants in the area is of the order of 2.5 X 10 5, the effective number of viral particles is no less than this.
Periodic Selection
Recently, Maruyama and Birky ( 199 1) have developed a model of periodic selection that could explain the evolution of genetic variability of genomes that do not show recombination. The key question is the appearance of a highly advantageous mutation with, consequently, a relatively high probability of fixation in a short period. where N and N, are the real and effective population sizes, respectively, L is the length of the genome, s is the selection coefficient favoring the driver (advantageous) mutation, and Y = pa/p,, with pa being the rate of appearance of a driver mutation. Other parameters of interest are the mean time to fixation of a driver mutation, which is 454 Moya et al. given by ( 1 /s)ln( N,) (Nei 1987, p. 384) , and the mean time between episodes of periodic selection, which is given by 1 /( LNlaF) (Maruyama and Birky 199 1)) with F = 2s( iV,/N) being the fixation probability of a driver mutation. If we consider, for instance, that pn = 10 -4 and N, = 2.5 X 105, then 8 = 50, and the expected nucleotide diversity at equilibrium under neutrality, H,, is 0.9804, 58 times higher than the diversity observed. Under periodic selection, if we consider that N = 10 l2 and, for instance, that the advantageous selection coefficient, s, for the driver mutation is 0.0 1, then, solving pa from equation ( 1) , we have pa = 9.1 X 10 -17. Such driver mutation is a rare event that needs a mean value of ( 1 /s) In (N,) = 1,243 generations to fixation, which is small compared with the mean time between episodes of periodic selection, which reaches a value of 1 /LNp,F = 3.4 X lo9 generations in this example.
Discussion
The genetic stability observed in the TMGMV population is in agreement with the previous observations of low variation rates for laboratory or field strains of plant RNA virus (Hennig and Wittmann 1972; Meshi et al. 1983; Block et al. 1987) . The observed nucleotide diversity is closer to that of DNA than are other RNA genomes (Nei 1987, table 10.6 ). It does not seem likely that the error frequency for TMGMV RNA replicase would be lower than that for other RNA virus, for which similar values have previously been reported (Smith and Inglis 1987; Domingo and Holland 1988) . In fact, C. M. Kearney (personal communication) has found fairly consistent mutation rates that vary from 10 -3 to 10 -' nucleotide changes per site and replication round, in populations of tobacco mosaic virus. Rodriguez-Cerezo et al. ( 199 1) considered how negative selection might limit the genome sites that can vary and that thus limit variation. Nevertheless, the observed nucleotide diversity in the total population can be explained in terms of the neutral theory only if the effective population size is of the order of 100 (see Results).
The appearance of a genome with high fitness, followed by its rapid expansion, can be an adequate explanation of the amount of observed variability. This type of selection, termed "periodic selection" (see Maynard Smith 199 1 and references therein), should be tested in those genomes with little or no recombination (Kaplan et al. 1989; Maruyama and Birky 199 1) . As it has been revised by Selander ( 1985) , the implication of low rates of recombination is that natural populations of haploid species (i.e., bacteria and viruses) consist of mixtures of independent clones. In general, the evolution of these species is likely to be dominated by random sampling of clonal lines, which occur, as mentioned by Selander ( 1985, pp. 86-87 ) "through either stoPopulation Genetics of TMGM Virus 455 chastic extinction or periodic selection . . . of fitness mutations." We have no evidence that the genetic structure of field TMGMV populations could be exclusively explained in terms of stochastic extinction. On the contrary, as we show here, periodic selection seems to be a better candidate to account for the amount of genetic diversity observed in the population. Once the driver mutation is fixed in the population, new variability can arise by neutral mutation or it can disappear as a consequence of slightly deleterious alleles. This picture is compatible with a model where there are (a) episodes of periodic selection with positive Darwinian evolution and (b) episodes of neutral evolution.
We have no evidence of other reports showing that periodic selection in RNA virus occurs at the population level, but there are studies where periodic selection is also invoked. Fitch et al. ( 199 1) have reviewed the topic, putting forward as evidence the presence of this type of selection in a variety of species, especially clonal ones. They have found that human influenza virus, contrary to the usual view that genes of this virus evolve neutrally (Gojobori et al. 1990) ) are evolving under periodic selection against the human immune system: viral hemagglutinins fix proportionately more amino acid replacements in antigenic sites in the trunk of the evolutionary tree (survivors) than in the branches (nonsurvivors). In our particular case, however, the nature of the selection pressure in TMGMV and other plant RNA viruses remains unknown.
